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ABSTRACT   
Mainstream optical microscopy technologies normally detect fluorescence or scattering, which may require undesirable 
labeling, but cannot directly sense optical absorption, which provides essential biological functional information. Here 
we reported in vivo and label-free subwavelength-resolution photoacoustic microscopy (SW-PAM) by using a water-
immersion optical objective with a 1.23 NA. Capable of detecting nonfluorescent endogenous pigments, SW-PAM 
provides exquisitely high optical-absorption contrast. And, as a result of background-free detection, the sensitivity of 
SW-PAM to optical absorption reaches 100%. SW-PAM was demonstrated with wide-field optical microscopy by 
imaging gold nanospheres, ex vivo cells, and in vivo vasculature and melanoma. It was shown that SW-PAM has 
approached the ultimate diffraction-limited optical resolution—220 nm resolution at 532 nm wavelength. Subcellular 
organelles, such as melanosomes, can be resolved by SW-PAM. Vasculature and early-stage melanoma were imaged 
with 21:1 and 34:1 contrasts, respectively, without labeling. For all these applications, SW-PAM has contrasts orders of 
magnitude higher than wide-field optical microscopy. Therefore, SW-PAM is expected to join the mainstream 
microscopy technologies. 
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1. INTRODUCTION  
Photoacoustic microscopy (PAM) is an emerging biomedical imaging technology that obtains an image of tissue by 
detecting acoustic signals induced by focused laser pulses [1–3]. PAM uses a different contrast mechanism than the 
common forms of optical microscopy (OM). Elastic-scattering OM—such as confocal microscopy or optical coherence 
tomography—detects backscattered photons and therefore images scattering contrast. Fluorescence OM—such as 
confocal microscopy or two-photon microscopy—detects inelastically scattered photons from samples, normally labeled 
by exogenous fluorescent markers, so the contrast is sensitive to the concentration of fluorophores and the fluorescence 
quantum yield [4,5]. However, for most endogenous pigments only a small amount of absorbed energy is converted to 
fluorescence, while most energy is converted to heat and subsequently induces photoacoustic signals. By detecting these 
signals, PAM is theoretically 100% sensitive to optical absorption, and so can provide essential biological functional 
information. In biological tissue, nonfluorescent melanin and hemoglobin are major sources of endogenous absorption in 
the visible and near-infrared spectral range. Accordingly, PAM’s high sensitivity to endogenous contrast has resulted in 
successful imaging of melanoma [6] and tumor angiogenisis [7]. 
 
2. METHODS 
Here we have achieved subwavelength-resolution PAM (SW-PAM)—220 nm resolution at 532 nm wavelength—by 
using a water-immersion optical objective with a 1.23 numerical aperture (NA) [8]. Approaching the diffraction limit, 
220 nm is the highest resolution of PAM that has been reported. As shown in Fig. 1, SW-PAM utilized a Nd:YVO4 laser 
(532 nm wavelength) as the irradiation source. Laser pulses with a 1.5 ns duration were generated and transmitted to the 
optical objective through a single-mode optical fiber. The sample was irradiated by the laser pulse (typical energy was 10 
nJ for slide samples and 60 nJ for mouse ears) focused by the objective. The resulting photoacoustic waves were detected 
by an ultrasonic transducer with a central frequency of 40 MHz and an NA of 0.5 in transmission mode. The signals 
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identify the nuclei in the OM image due to the low contrast. For typical red blood cells (RBCs), as shown in Fig. 3(b), 
the contrast disparity between PAM and OM can also be observed (the two images show different areas of the cell 
sample). The characteristic donut shape of RBCs is clearly shown by PAM. Moreover, rich contrasts are observed in the 
epidermal cells of purple onion by PAM [Fig. 3(c)]. 
 
Figure 3. Ex vivo images of animal and plant cells. (a) Melanoma cells imaged by PAM, OM, and PAM plus the 
nuclei-stained (blue) fluorescence OM. CN: cell nucleus. (b) PAM and OM images of red blood cells. (c) PAM 
and OM images of onion epidermal cells. 
 
Then we imaged mouse ears in vivo with SW-PAM. All experimental animal procedures were carried out in conformity 
with the laboratory animal protocol approved by the Animal Studies Committee of Washington University in St. Louis. 
We imaged the ear (depilated) of a black mouse (Harlan Co., C57BL/6NHsd, 25 g, male) in order to show the melanin 
distribution. Since most melanosomes reside in the basal layer of the epidermis, whose thickness is about 10 μm in this 
case [9], we acquired one image focusing at ~10 μm deep (Fig. 4). The single melanosomes (black dots) can be clearly 
identified. Deeper sebaceous glands can be observed, although slightly out of focus. Within this depth range we did not 
find an obvious decrease in resolution due to scattering. The OM image of the ear, although not shown here, has 
extremely low contrast. These results suggest potential applications of PAM in quantifying melanin distribution in vivo, 
which is important for detecting melanoma as well as determining individualized radiant exposure in dermatological 
laser therapies [10]. 
When imaging the ear of a nude mouse (Harlan Co., Hsd:Athymic Nude-Foxn1nu, 30 g, male), we identified single RBCs 
in vivo. Here, we used an objective with a 0.60 NA (providing 400 nm resolution) instead because the thick layer of 
vessels required an extended focal zone. As shown in Fig. 5, all the blood vessels, including capillaries, were imaged 
with high contrast. Since nude mice do not have much melanin in their skin, the image has little background signal. 
Perhaps the blood vessel was damaged, so some RBCs came out. Motionless RBCs were imaged in vivo, and the 
characteristic donut shape of RBCS was clearly shown. 
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Figure 4. Melanin distribution in a black mouse ear in vivo. 
 
 
Figure 5. Mouse ear image where in vivo red blood cells (RBCs) can be identified (the close-up image indicates 
the biconcave structure of RBCs). 
 
 
Figure 6. Monitoring of melanoma growing on a nude mouse ear. (a) PAM image of blood vessels and melanoma 
taken 3 days after injecting melanoma cells. MT: melanoma tumor. (b) OM image of the same area. 
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